This study involves the design of a small scale apparatus to test ablative materials, which are commonly used to provide thermal protection to key structural components of solid rocket motors (SRMs). The testing of these materials involves subjecting them to extreme heat and fluid velocities while measuring the resulting temperature on various points of the sample. Observation of the front and back face temperatures during testing, as well as post test analysis of material erosion and mass loss, can provide a quick assessment of the efficacy of newly developed ablative materials. The setup developed through this project is designed to be a small-scale device with quantified heat input and temperature values for the testing of ablatives such as carbon/phenolic composites, C/C composites, conventional polymer composites, and polymer nanocomposites. This device will perform tests on small samples of ablative materials with a front face of roughly 12.7 x 12.7mm (0.5 x 0.5 in.) and 15-50mm thickness. A high temperature flame produced through the use of an oxyacetylene torch system will be directed and focused on this small sample face through the use of a welding nozzle, which will accelerate the flame towards the sample at high velocity. Prior to testing and in order to properly quantify the heat flux generated by this device, a slug calorimeter is used to calibrate the flame by measuring the rate of change of temperature for a slug of material at different distances from the nozzle exit. Data is gathered during testing through the use of multiple thermocouples to measure the back face and/or heat soak temperatures of the sample. These readings are obtained using a data acquisition (DAQ) card and recorded over time using a LabView VI. Due to a specific procedure required to light the oxyacetylene torch, the testing method for this device involves first lighting the torch and adjusting it to the proper fuel ratio, then moving the torch along a single axis slide up to the specified testing distance (used to determine input flux). The data of initial material testing with this apparatus are compared to knowledge of the materials tested, as well as data from tests with a similar apparatus to determine the overall validity of the results gathered from the developed apparatus. 
Nomenclature

A
= sample area c p = specific heat h = convection coefficient k = thermal conductivity L = sample length m = mass P = power Q = heat energy = heat flux R = total resistance = conductive resistance = convective resistance r = sample radius t = time T = temperature
I. Introduction
A. Ablative Materials BLATIVE materials provide thermal protection to key structural and internal components in various aerospace applications including spacecraft heat shields, solid rocket motors (SRM), and missile launch systems (see Fig.  1 ). As part of a spacecraft's re-entry shielding, these materials protect the rest of the vessel and the crew from the extreme heat of atmospheric re-entry. In SRMs, these materials protect structural components from the heat occurring within the combustion chamber and can also compose part of the nozzle assembly. In missile launch systems, ablative materials protect any surrounding structures or personnel from the heat of the missile exhaust plumes.
In these applications, ablative materials are able to withstand and provide protection from such extreme heat fluxes -up to 14 MW/m 2 within some SRMs -due to a number of mechanisms that take place during the ablation process. 2 This process begins with the chemical reaction of pyrolysis that the ablative material undergoes when exposed to an extreme heat flux. The pyrolysis reaction is very endothermic and absorbs a significant amount of the heat energy imposed upon the ablative. This reaction also creates two products that also play large roles in the thermal protection capability of the ablative. The first product is a char material, which creates a surface layer on the material as it undergoes the ablation process. This surface layer of char provides a great deal of additional insulation to the material, decreasing the rate at which heat passes into the underlying layers of ablative material in the reaction and virgin zones (see 
Large Scale Testing
Large scale ablation testing is usually done in the final stages of development for ablative materials and it is intended to actually predict and rate how the material will perform in its real world application. They are meant to validate any tests or models used in development and determine whether materials qualify for their intended use. Because of this, large scale testing setups are typically fine-tuned to very accurately re-create the conditions that ablative materials will see in application and are very adjustable so that a variety of conditions can be simulated. Large material samples are used so that the performance is translatable to full scale performance. In addition, highly advanced measurement techniques are employed so that the full picture of how the material behaves during ablation can be captured. All of this means that large scale ablation testing is very expensive to perform and there are a limited number of facilities that can reliably do this kind of ablation testing, which means running ablation tests with large scale devices is both expensive and must be planned well in advance to reserve access to limited testing facilities.
Figure 2. Diagram of the various layers that occur during the ablation process.
One such testing facility is the VKI Plasmatron which was developed and is operated by the von Karman Institute for Fluid Dynamics in Belgium. The VKI Plasmatron has been tested to produce heat flux values over 4 MW/m 2 in a very tightly controlled environment using a plasma torch. During testing, the specimens in the VKI Plasmatron are in an isolated chamber where the impact velocity, stagnation pressure, and surrounding gas can all be adjusted to suit the testing purpose. In addition, all of the controlled variables undergo a high degree of confirmation using numerous methods and tools specially developed or purchased to ensure that the test conditions are as accurate as possible. While a material is being tested, two embedded thermocouples measure the in-depth temperature of the material while the surface temperature is measured using a two-color IR pyrometer. The recession rate and hot gas layer are observed and measured using a high speed camera which allows for observation of the actual erosion process. Spectroscopic measurements are also made on the hot gas layer surrounding the ablative material, which allows for a greater understanding of the chemical reactions going on inside the ablative material by observation of the composition of the gaseous byproducts. In addition, the actual mass loss and recession of the sample are physically measured once testing is completed. All of these aspects combine to allow for a high degree of control and understanding of how the material reacts under finely-tuned ablation conditions. 3, 4 Another large-scale testing facility is the Arc Jet Complex at NASA's Ames Research Center (see Fig. 3 ). This facility actually has four separate test setups using a variety of arc jet units to produce heat flux values as high as 7.5 MW/m 2 on conical samples up to 45 cm (18 in) in diameter. These units can also be used to test panel, nozzle throat, and nozzle cone samples and are capable of high fluid Mach numbers and sample surface pressures. The surrounding gas can also be selected as either air or nitrogen. Each unit has numerous measurement devices intended to accurately quantify the performance of a test material, and the overall measurements for each test are customizable to the needs of each user and material. 5 
Small Scale Testing
Small scale ablation testing setups are used in the early stages of development to determine the relative worth of a potential ablative through comparison to well-performing ablatives. These setups are not meant to accurately reflect the complete environment that will be seen by an ablative or to predict how they will actually perform in operation. Instead, they re-create the ablative environment to a degree that the material will undergo ablation similar to what it would see in the real world, but do not control or account for certain variables in order to allow for lower cost and easier testing. For example, small scale testing is almost always done in an air environment, which is not always accurate of the environment an ablative will actually see. Also, sample sizes or exposure areas for small scale ablatives are usually quite small, meaning that the boundary conditions are different than real world condition. For example, in actual application an ablative would be surrounded by similar material being exposed to similar conditions. However, in small scale the material is either surrounded by air, if it is a small sample, or surrounded by unaffected material, if it is a large sample with a small test area. These inaccuracies are why small scale testing is only used in early stages and large scale testing must be used to validate these early test results. However, the 5 primary advantage of small scale testing is in cost and speed of testing. With small scale devices, tests can be run quickly and cheaply on small (and therefore less expensive) samples of ablative material.
One such small scale device was developed by M. Natali et al. at the University of Perugia in Terni, Italy (see Fig. 4 ). This setup was based around the use of an oxyacetylene welding torch to produce heat flux values as high as 12 MW/m 2 , though only on a small sample of roughly 1.27 x 1.27 cm (0.5 x 0.5 in). The overall setup of the device is made from a combination of custom machined and off-the-shelf parts that allow for repeatable testing for comparative analysis of ablative material performance. 6 Another similar device was developed by G. Pulci et al. at the Sapienza University of Rome (see Fig. 5 ). This device was also based around an oxyacetylene torch and was capable of producing heat flux values as high as 1.5 MW/m 2 . The sample size for this device was significantly larger at 10 x 10 x 2 cm, though the exposure area was still quite small. 
C. Scope of Paper
This paper is focused on the design, fabrication, and calibration of a small scale ablation testing apparatus similar to the setups described in the previous section. The overall design for this device is based upon the setup constructed by M. Natali and many design considerations are made with his input. Our device is intended for frequent use in order to test ablative components of SRMs, among other materials, and has a limited budget and time frame in which it has to be constructed and operational. A calibration procedure and necessary hardware for this procedure are also addressed in order to ensure quantifiable and repeatable testing with this apparatus. A wide variety of ablative materials will be tested and analyzed to validate the ability of this setup to facilitate comparative analysis of ablative performance. In addition, the results of some materials will be compared to the results from similar tests run using the ablation setup by M. Natali to further validate the newly developed ablation testing apparatus.
II. Design of Ablation Testing Apparatus
A. Desired Specifications
Prior to the design of the ablation testing apparatus for this paper, certain specification were selected to ensure that, when complete, the device would be able to provide the service for which it was needed: to test ablative materials for use in SRMs. In order to meet this need, the device had to produce proper conditions to simulate the operational environment of these materials, it had to have ways to measure and acquire data about the material being tested, and it had to be completed in a timely and cost-effective manner.
Testing Conditions
The test conditions for this apparatus were based largely upon the proven capabilities of the device developed by M. Natali as well as the known conditions that exist within an SRM. The primary specification that would determine whether this was a viable ablation testing device was the maximum heat flux value it was capable of producing. The device of M. Natali has been shown to produce roughly 12 MW/m 2 . However, in order to more accurately represent the environment within an SRM, a peak heat flux value of 14 MW/m 2 was selected as the desired output for this apparatus. In addition to this heat flux value, the apparatus had to be capable of producing temperatures of at least 2200°C. These two specifications would ensure that any material tested would undergo the proper chemical reactions needed to test its ablative performance. The last specification for testing conditions was fluid velocity of the combustion gases to reach Mach 1. This was to ensure that the material underwent the proper mechanical erosion reaction during testing.
The heat flux and temperature were the primary specifications as they were necessary for a material to actually undergo ablation. High velocity was an optional, but desirable, additional specification that would simple make the ablation testing environment more comparable to the real world operational environment.
Data Measurements
During the testing of these ablative materials the primary metric that we need to measure is temperature. Ideally we would be able to measure the front face temperature, back face temperature, as well as the temperature at desired points within the sample. This is the only in situ measurement requirement for this device. Other valuable metrics such as mass loss, char thickness, or material recession can be determined from pre-and post-test measurements or analysis and therefore do not factor into the actual design of the testing apparatus.
Other Limitations
As mentioned previously, this device needs to be designed and implemented in a timely and cost effective manner. An overall budget of was set of $1000 for design and construction of the device in addition to another $1000 for the purchase or manufacturing of measurement and calibration equipment. This budget does not necessarily correlate to the true cost of all that went into this apparatus as there was a significant amount of equipment already in our possession that we simply incorporated into this testing setup. In addition, the development of this testing apparatus initiated as a senior design project, which allowed for an overall time constraint of roughly 4 months from initial proposal to final calibration of the testing apparatus.
The overall physical dimensions of the testing setup were also constrained by the lab space available for testing. The device was intended for use in a shared fume hood, meaning it had to be small enough to fit and operate within a fume hood and mobile enough to be easily removed from the fume hood should the need arise. While this was not a specifically quantified limitation of the apparatus, dimensional constraints factored in to many individual design considerations. In order to allow for cheap testing, the physical dimensions of the test samples must be restricted to less than 3 x 3 cm. Ablative materials are generally fairly expensive, so small sample size makes the operation of the ablation testing apparatus more cost-effective.
B. Heat Source Design
An oxy-fuel torch was selected as the heat source for the ablation testing apparatus fairly early in the design process. Both small scale ablation testing setups described in previous sections were based around the use of oxyfuel torches, so it was known to be a highly feasible option. In addition, oxy-fuel torches provide the ability to produce very high temperatures and heat flux values, as well as high velocity with the use of certain nozzle attachments. Oxy-fuel torch systems are also easily available as off-the-shelf kits, which greatly simplifies the time and complexity of fabrication for the heat source as simple modifications would suffice to make such kits meet the needs of the ablation testing setup. Numerous fuels were investigated for the oxy-fuel torch, such as propane, gasoline, hydrogen, MAPP ® gas, and acetylene. The selected fuel would have to be able to provide high enough temperature and heat flux values, be safe for indoor lab use, and have stable flame characteristics. Acetylene was chosen due to its numerous beneficial combustion characteristics (see Table 1 ). The extremely high adiabatic flame temperature for acetylene in oxygen essentially guaranteed that our temperature specification would be met. In addition, the very wide flammability range means an oxyacetylene flame is very stable in an air environment. Acetylene also possesses a very high molar heat of combustion value, which when combined with its low molecular weight, means that large amounts of energy can be generated for small mass flows of acetylene. This high heat of combustion should correlate to a large heat flux as long as the energy is focused on a small enough area. 8 Oxyacetylene torch systems are a very mature and wide spread technology so they are easy to acquire and there are a wide variety of systems from which to select. There are also multiple nozzle types that can be used with an oxyacetylene system and they present a range of ways in which the oxyacetylene flame can be controlled to meet the heat flux and velocity specifications for the ablation testing apparatus. The oxyacetylene torch system for the ablation testing setup was acquired through Praxair, Inc. and came with all of the pressure control and safety equipment needed to operate the torch as well as a selection of two torch nozzles. The welding nozzle is a basic nozzle with a single exit hole. Oxygen and acetylene are combined in the mixing chamber in the torch handle, and the mixed gases exit the single orifice and are ignited. This torch operates at low pressures and velocity, but also has a very small flame area which means a higher heat flux. The cutting tip nozzle is designed for cutting of steel and uses higher oxygen pressure and therefore higher velocity. The high pressure oxygen exits a central hole, which is surrounded by six other holes that release a lower pressure mixture of oxygen and acetylene that provide the actual flame. The layout of this tip means that the flame area is larger, so heat flux is likely lower. Also, this tip still operates with low acetylene pressure so there is no real increase in fuel burned so even though the flame appears large, it is still the same amount of power coming out. In addition to these two nozzles, a high speed nozzle was purchased separately that operates similarly to the cutting tip nozzle, but with much higher oxygen pressure and velocity. The cutting tip uses oxygen at roughly 200 kPa (30 psi) exiting a converging nozzle (with a long throat so fluid velocity is significantly affected by friction) while the high speed tip uses oxygen at roughly 690 kPa (100 psi) exiting a converging-diverging nozzle. With the cutting tip and high speed tip the concern was also raised of flame wrapping, where the oxyacetylene flame actually wraps around the test sample. This is an extremely undesirable effect as it can damage the setup or equipment and invalidates the ablation testing because the sample is burned and heated from the sides in addition to the front face. The breakdown of the selection can be seen in Table 2 in terms of relative predicted performance of the nozzles. The best choice would be the nozzle that could achieve our desired heat flux with the highest velocity while not wrapping around the sample. Preliminary testing showed that the high speed tip would indeed wrap around samples, so it was ruled out. The cutting tip nozzle was unable to reach our desired heat flux during calibration (see Calibration Results section for details). Therefore, the welding nozzle was selected for our ablation testing apparatus. This meant that the velocity specification of Mach 1 would not be met, but this was necessary in order to meet the more important heat flux specification.
C. Experimental Layout
Once the heat source design was established, a mechanical layout had to be designed that would allow for repeatable and controllable calibration and testing using the oxyacetylene torch. The basic function of this mechanical layout is to secure the torch and sample in relative position to one another for testing.
The first part of this function, securing of the oxyacetylene torch, is achieved by a slide mechanism with torch mount that was developed in order to allow the oxyacetylene torch to change distance from the sample while remaining aligned with it. This is a key feature as it allows for variation of the heat flux applied during testing and also served the additional benefit of enabling the torch to be moved far from the sample during torch light-up and adjustment, avoiding the input of unknown heat flux into the sample prior to testing.
The second part of the function, securing of the test sample, is accomplished with a sample holder composed of a round brass cup with three pointed screws threaded into it. These screws are used to hold a cylindrical or rectangular sample in place with minimal contact so that conduction losses from the sample are minimized. The intended sample size for the holder is a 1.27 cm (0.5 in.) cylinder or a rectangular specimen with a front face of 1.27 x 1.27 cm (0.5 x 0.5 in.). This size and layout was selected based on rough calculations comparing axial conduction to radial convection heat flow, which showed that the heat flow through a cylindrical sample of 1.27cm thickness would be approximately (>95%) one dimensional, with a slight dependency on flame diameter (see Fig. 6 ). These calculations were based on fact that heat flow is inversely related to thermal resistance (Eq. 1). The equations for the conductive resistance, both axial and radial, and convective resistance, radial only, are shown in Eqns. 2 and 3. The sample thickness can range from 1.27 cm up to 5 cm, which correlates well with the thickness of provided samples of ablatives, allowing samples to simply be cut to shape without a need to alter the thickness. The sample holder also has a hole in the rear where thermocouples can be inserted to measure the back face temperature of a sample being tested. The sample holder is held in place by a vise, which is in turn mounted on an aluminum plate. This plate is attached to a second aluminum plate to which the torch and slide mechanism are fixed. This allows for alignment of the torch and sample holder and ensures that as long as the two plates are attached the experimental layout is properly aligned (see Fig. 7 ). After initial calibration and testing of the ablation testing apparatus was completed, the need for additional mechanical components became apparent. A distance set screw is needed because the heat flux to which a test sample is subjected is dependent upon the distance between the sample and the nozzle. This means that fine-tuning is needed of the distance between the sample front face and the nozzle tip in order to produce the desired heat flux. The distance set screw is a simple solution that blocks the motion of the slide mechanism at a certain distance from the sample, which is adjustable by threading the screw towards or away from the torch mount (see Fig. 8 ). The body in which the screw is mounted was custom made for this purpose out of a scrap piece of nylon polymer.
In some early ablative tests, sample shape dictated that in order to measure in-depth temperature the thermocouples would have to be embedded into the side of test specimens instead of through the back face. This new layout meant the thermocouples were not protected by the sample holder, which resulted in residual heating of the external thermocouple wires. To account for this, a steel heat shield was attached to the apparatus that would be placed near the edge of the test sample and provide a barrier to protect the external thermocouple wires from any undesirable heating.
D. Data Acquisition
The final component of the ablation testing device involves the acquisition of test data. The ablation testing apparatus needs to support the acquisition of various sample temperatures during the testing process. In order to measure the back face or in-depth temperatures of a test sample, the data acquisition (DAQ) setup needs to be able to accommodate up to three k-type thermocouples. The thermocouples can be attached to the back face or embedded within the sample at specific points depending on the temperature values desired for individual tests. In order to measure the front face temperature, the setup needs to be able to accommodate readings from an infrared (IR) pyrometer, which allows for non-contact measurement of the front face temperature. The budget for the development of this ablation testing setup does not include the purchase of an IR pyrometer to meet these measurement needs, but a low temperature IR pyrometer was tested with the DAQ setup to ensure compatibility with the measurement format. In all likelihood, though, any IR pyrometer capable of measuring surface temperature of a material undergoing ablation would be sophisticated enough to record its own data measurements and the values would be combined with the data from our designed DAQ system while analyzing the data after testing.
The thermocouples and low temperature IR pyrometer were attached to a National Instruments (NI) data acquisition card (DAQ card), which allows the data to be processed by a LabView VI and converted to a text file for storage. Once the data has been stored in a test file, it can be accessed and analyzed in any other desired format after the completion of testing.
III. Calibration of Ablation Testing Apparatus
A. Calibration Procedure
Prior to actually testing ablative material samples, the testing apparatus must be calibrated to determine the heat flux to which samples will be exposed. In addition, this calibration will confirm that the experimental setup actually meets the required heat flux specifications. Because not all testing requires the same heat flux input, calibration will be performed over a range of test distances. The ratio of oxygen to acetylene will also vary the heat flux output, so it must be made constant to ensure consistent heat flux values. This will be accomplished by setting a specific acetylene flow rate and then adjusting the oxygen flow rate to produce a neutral flame, a fairly easy and repeatable manual procedure. Because this still constitutes a certain degree of variability, the calibration will be performed multiple times to confirm repeatability and over a period of several weeks to confirm that no bias is present in the manual portion of the flame adjustment.
The calibration process was performed using a slug calorimeter based on designs provided by M. Natali and constructed in our departmental machine shop. The calorimeter is composed of a small copper slug held in place by three screws in the center of a brass cup, which allows a thermocouple to be inserted into the copper slug while also being protected from external heat by a ceramic tube (see Fig. 9 ). The screws holding the copper slug in place are also sharpened to minimize conductive heat losses from the slug that would skew measurements. The calorimeter works by measuring the temperature of a slug of copper, which has known mass and properties, as it is exposed to the oxyacetylene flame of our testing apparatus. Due to its small size and high thermal conductivity, lump capacitance is assumed of the slug. The thermocouple embedded within the copper slug provides a temperature versus time curve for the slug as it is exposed to the heat flux from the oxyacetylene flame (see Fig. 10 ). The slope of this resulting curve can be used to calculate the power going into the slug, based on the known properties of the slug and this can in turn be used to calculate the heat flux using the measured flame diameter (see Eqns. 4 and 5). The actual flame diameter has to be determined separately by burning through thin metal sheets and measuring the resulting hole size. Because the calibration is performed at various distances, the different flame diameters must be measured at each distance as well. The measured flame diameter must be smaller than the front face of the copper slug in order for the vast majority of heat produced by the torch to go into the copper. However, smaller slugs are more ideal because it makes the lump capacitance assumption more valid. Therefore, the slug calorimeter actually has three different slugs with diameters ranging from approximately 7 mm to 9 mm. In order to get the best calibration results, the flame diameter at each distance is measured first, then the copper slug with the front face diameter closest to but still larger than the flame diameter is selected. Once the power reading is calculated, it is divided by the flame area (assumed to be circular) in order to obtain an accurate value of the heat flux produced by the ablation testing setup.
B. Calibration Results
The calibration procedure was actually run using two different oxyacetylene nozzles. The first round of calibration used the cutting tip nozzle. As mentioned previously this was our first choice for the torch nozzle as it would provide higher flame velocity than the welding nozzle, but would not lead to flame wrapping like the high speed tip. The minimum flame diameter measurement was determined to be at a distance of 10 mm and was measured to be 10 mm across. This immediately presented an issue as the maximum size of the copper slug was only 9 mm, so there would immediately be some doubt in the accuracy of the heat flux measurement using this nozzle. However, the measurements were still made using the slug calorimeter, and the power output was determined to be roughly 280W. This provided us with a heat flux value of only 3.4 MW/m 2 , significantly below both out initial goal of 14 MW/m 2 and the output of Natali's device of 12 MW/m 2 . Because of the failure of the cutting tip nozzle to meet our specifications, the welding tip nozzle was tested next. It operated using much lower pressure and an overall smaller outlet area. This meant that the flame velocity would be lower, but also that the flame itself would be much smaller. For this nozzle, the minimum flame diameter was determined to be at a distance of 6 mm and was measured to be 5 mm. The flame diameter was then also measured at other distances: 8 mm, 10 mm, 12 mm, 14 mm, and 16 mm. It was determined that for the welding nozzle and over this range of distances, the flame diameter increased linearly by 1 mm for each 2 mm of distance. Because the maximum flame diameter for the slug calorimeter was 9 mm, it was determined that the heat flux of the apparatus would be calibrated from a distance of 6mm out to a distance of 14 mm. Closer than 6 mm and the nozzle tip would close enough to the sample that it could become damaged or dirty, or the combustion of the gases just outside the nozzle could be interrupted. Beyond 14 mm and the slug calorimeter would be unable to accurately determine the power output of the torch due to a large flame diameter.
The results of the power measurement of the ablation testing apparatus over the selected range of distances can be seen in Fig. 11 . Each data point in this figure is the average of four individual calibration tests. The figure shows the average power output, regardless of distance, to be roughly the same as the cutting tip nozzle at 290W. Observation of each torch nozzle makes this seem counterintuitive, as the cutting tip nozzle produced a much larger and more powerful looking flame. However, for both nozzles the acetylene outlet pressure was the same, so roughly the same amount of fuel was being used and therefore roughly the same amount of combustion energy was released. Because of the smaller flame diameter, which has an inverse square relationship to heat flux, much higher heat flux values are anticipated from this nozzle.
The calculate heat flux values and final calibration curve for the ablation testing setup can be seen in Fig. 12 , below. The maximum heat flux value is 14.6 MW/m 2 , which meets our specification, at a distance of 6 mm from a test specimen. The heat flux decreases steadily with increasing distance from the sample, with a minimum calibrated value of 4.2 MW/m 2 at a distance of 14 mm. There is an acceptable amount of uncertainty in this calibration curve of roughly 10% for most of the data points. Using this calibration curve the ablation testing apparatus can be used to test samples under a wide range of heat flux values by simply varying the distance between the nozzle and the sample face. 
IV. Experimentation
A. Materials For this study a variety of materials are tested in the developed apparatus in order to confirm its capability to accurately test the properties of different ablatives.
Conventional Polymer Composites
Conventional polymer composites are based on the incorporation of reinforcing materials into the structure of a base polymer. The reinforcement is typically a fiber material that provides reinforcement through strong mechanical properties and high aspect ratios. The diameters of these fibers are commonly in the micron-range, which is what designates them as conventional composites as opposed to nanocomposites, as in the next section. Common reinforcing materials include carbon fiber, glass fiber, or aromatic polyamide fibers. 10 Only one conventional polymer composite is tested in this paper. It is a micron-sized composite of ethylene propylene diene monomer (EPDM) and Kevlar fibers and it is the current state-of-the-art internal insulation for SRM interiors. 11 
Polymer Nanocomposites
Polymer nanocomposites are composite materials comprised of a nanomaterial -a material with at least one dimension in the nano-scale -incorporated into a polymer base. Polymer nanocomposites can improve the physical, thermal, electrical, and flammability properties of base polymers, vastly widening their area of application. Three varieties of nanocomposite materials are tested in this paper. They are composed of a thermoplastic polyurethane elastomer (TPU) polymer base combined with one of three nanomaterials: montmorillonite (MMT) clay, multiwalled nanotubes (MWNTs), or carbon nanofibers (CNFs). The specific polymer base for the nanocomposites being tested is a TPU called Desmopan ® DP 6065A. It is a soft aromatic polyether-based TPU manufactured by Bayer MaterialScience and is characterized by good hydrolysis and microbe resistance, short cycle times, and is plasticizer free. Some typical applications include hard or soft composite systems and shoe soles. Montmorillonite (MMT) nanoclay is an inorganic nanomaterial composed of stacks of tetrahedral silicate and octahedral alumina layered platelets usually obtained through the alteration of volcanic ash. These platelets are roughly 1 nm thick and when in stacks the typical separation distance between plates is 1 to 2 nm (see Fig. 13 ). MMT nanoclay is commonly surface-modified in order to widen this plate gap and allow for easier exfoliation, as well as to make the nanoclay more compatible with the polymer resins to which they are added. 13, 14 The addition of MMT clay to polymer resins has been shown to cause an improvement of multiple properties over the neat resin system. 11, [13] [14] [15] [16] [17] [18] The nanoclay used in this experiment is Cloisite ® 30B, which is manufactured by Southern Clay Products. Cloisite ® 30B is MMT nanoclay that has been surface-treated with quaternary ammonium salt; this allows for platelet exfoliation and proper dispersion within the TPU resin used to create the nanocomposites in this paper. Multi-walled carbon nanotubes (MWNTs) are composed of concentric rolls of graphene sheets with diameters ranging from roughly 1 to 100 nm and lengths from 1 to 100 µm (see Fig. 14) . They possess several remarkable properties, including very high thermal conductivity, very high electrical conductivity, and a very high tensile modulus. 19 The addition of MWNTs to polymer resins has been shown to provide an improvement of multiple properties over the neat resin system. 13, [15] [16] [17] [20] [21] The multi-walled carbon nanotubes used in this experiment are manufactured by Arkema using the process of chemical vapor deposition. Graphistrength ® C100 is the trade name for the specific MWNT used in this study. It has three components: over 90% graphite, less than 7% Al 2 O 3 , and less than 5% Fe 2 O 3 . These MWNTs exist in bundles and their typical dimensions are 10 to 15 nm in diametercorresponding to 5 to 15 concentric walls -with lengths of approximately 1 to 10 µm. 13, 19 Carbon nanofibers (CNFs) are discontinuous graphite filaments grown in the gas phase from the pyrolysis of hydrocarbons. They typically have diameters ranging from 50 to 200 nm with lengths from 30 µm up to 1 cm, making them larger than carbon nanotubes but significantly smaller than conventional carbon fibers (see Fig. 15 ). CNFs also possess excellent physical, electrical, and thermal properties. 15 The addition of CNFs to polymer resins has been shown to provide an improvement of multiple properties over the neat resin system. 13, 15, [22] [23] [24] The CNF used in this paper is Pyrograf ® PR-19-XT-LHT, which is manufactured by Applied Sciences Inc./Pyrograf ® Products. These CNFs have an average diameter of 150 nm and length ranging from 100 µm to 1 cm. The "LHT" designation means these CNFs received a low heat treatment at 1500°C to remove polyaromatic hydrocarbons and carbon on the CNF surface. The "XT" designation means these CNFs are loosened to allow for easier debulking, a process that is very difficult and often results in damage to the CNFs. 
Carbon Composites
Carbon composites as they are referred to in this paper include both carbon/phenolic composites and carbon/carbon composites. Carbon/phenolic composites are composed of a woven matrix of carbon fibers impregnated with a liquid phenolic resin and then cured under pressure. There can be a wide range of variation in the properties and dimensions of the carbon fibers in these composites as well as in the continuity and orientation of the fiber weave. Carbon/carbon composites are derivatives of carbon/phenolic composites created through a process known as densification. In this process the phenolic resin is decomposed into carbon under high heat, leaving behind a highly porous matrix of amorphous carbon. This porosity is then re-impregnated with phenolic resin and cured again. The densification process is repeated until the desired density and porosity is achieved in the final carbon/carbon composite.
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B. Testing Procedure
In order to be tested on the designed ablation testing apparatus, the various ablative materials had to first be cut into dimensions that were compatible with the apparatus sample holder. They had to be either cylindrical samples with a diameter of approximately 1.27 cm (0.5 in.) and a depth of at least 1.27 cm (0.5 in.), or rectangular samples with a front face of approximately 1.27 x 1.27 cm (0.5 x 0.5 in.) and a depth of at least 1.27 cm (05. in.). The Kevlar-filled EPDM and nanocomposite materials were molded into approximately 10 x 10 x 1.27 cm blocks and were relatively easy to cut using a utility blade. In order to facilitate the mold shape and cutting method, these materials were cut into 1.27 x 1.27 x 5 cm rectangular samples. The carbon/phenolic and carbon/carbon samples were much harder and more rigid and were provided in small pieces that were 1.27 cm and 3 cm thick, respectively. These materials also had internal fibers that would delaminate and ruin the material if they were cut improperly. Waterjet cutting provided the quickest and easiest solution to cutting samples out of these materials without delaminating the internal fibers. The waterjet facility at Texas State University was used to cut cylindrical samples from these materials.
Despite the different shapes of the ablative materials, the same overall test procedure was still performed on each. The one exception is carbon/phenolic, which had a shorter sample depth than all the other materials to be tested, and could only facilitate in-depth temperature measurement from a single thermocouple. Prior to testing, all samples had their mass measured on a scale accurate to 1/10 th of a mg and had their thickness measured using calipers that were accurate to 0.03 mm. These measured values are the initial mass and initial thickness of the samples and are used in determining the mass loss and sample recession after testing.
During testing, temperature measurements are recorded at different locations on or within the test sample. For this experiment, temperatures were recorded along the axis of the sample at three different depths from the exposed front face. K-type thermocouples were embedded at distances of 5 mm, 10 mm, and 15 mm from the front face of the sample and connected to the DAQ system of the ablation testing apparatus. The sample is oriented within the sample holder in such a way that the exposed wires from the thermocouples are protected from the torch flame by the heat shield. These thermocouples recorded the temperature at each point within the sample for the duration of testing as well as a roughly six minute period after testing ended. From these thermocouples values such as peak temperature and time to reach the peak temperature could be determined.
The actual testing process is set up in a way that is designed to minimize human bias and variability. Once the sample is mounted and centered in the sample holder for testing, the proper test distance is set based on the desired heat flux for testing. This distance is controlled using the distance set screw, which controls how close the torch nozzle will be to the sample for testing. Once the distance is set, the torch is moved away from the sample on the Figure 15 . TEM image of individual CNF. 25 single axis slide, ignited, and adjusted to the proper gas ratio for testing. The gas flow in this apparatus is controlled at two points, so in order to produce a consistent flame across experiments both points have to be controlled. At the cylinder regulators, the same gas pressure is used on every test. At the torch handle, a set point is marked on the acetylene control valve and the oxygen is manually adjusted until the flame is neutral. Once the flame is properly adjusted, the torch is slid up to the set distance for the testing duration, then shut down after the specified exposure time. For this experiment, the majority of material samples were exposed to a heat flux of approximately 9.9 MW/m 2 , which correlates to a testing distance of 8 mm, with an exposure time of 25 seconds. Two samples, a carbon/carbon and a carbon/phenolic sample, were exposed to a heat flux of approximately 14.6 MW/m 2 , which corresponds to a test distance of 6 mm, with an exposure time of 60 seconds.
Once testing is completed, the samples are allowed to cool sufficiently before having their final mass and thickness measured. They are then photographed and analyzed using SEM imaging to gain understanding of the mechanisms behind their ablative performance.
V. Results and Discussion
A. Mass Loss
Material mass loss during ablation is the result one of two primary reactions: pyrolysis or surface erosion. Pyrolysis is the chemical process in which the virgin material burns, releasing mass in the gaseous form and leaving behind a less dense char material. Surface erosion is the physical process in which the shear force on the top layer of char material from the impact of the oxyacetylene combustion gasses causes the char to fracture and break away from the bulk of the sample. None of the samples studied for this paper showed significant signs of surface erosion, therefore almost all mass loss occurred through pyrolysis. This means that mass loss is strongly related to material recession (the depth into the virgin material that the pyrolysis reaction has progressed) because the only direction pyrolysis can travel into the sample is axially. Table 3 below shows the average mass loss for each of the materials tested. For Kevlar-filled EPDM and the three polymer nanocomposites, a total of three samples were tested and the averaged result is displayed. For the carbon composites, limited material availability and issues machining the individual samples resulted in only one test sample available for each test condition. The greatest mass loss occurred for the three polymer nanocomposites, with the MMT clay and CNF composite having roughly the same mass loss and the MWNT composite having a somewhat higher mass loss. The conventional polymer composite, Kevlar-filled EPDM, showed lower mass loss than the nanocomposites by roughly 40 %. This result is somewhat expected as Kevlar-filled EPDM is a state-ofthe-art ablative insulator while the nanocomposites tested are still somewhat unproven and in their experimental phase. The carbon/carbon composite sample tested under the same conditions as these polymer composites showed almost no mass loss. This is not a surprising result as these materials are designed to withstand extremely high temperatures and heat flux values. Also, carbon/carbon undergoes several high temperature densification processes that greatly reduce the amount of resin within their matrix, so there is a much more limited amount of mass that can be lost to pyrolysis. The other carbon/carbon sample and the carbon/phenolic sample were both tested under much higher heat flux and exposure time than the previous samples. The carbon/carbon sample under these conditions showed a much greater mass loss than the other sample, though still very low compared to all other materials. The carbon/phenolic had a much higher mass loss than the carbon/carbon. This is due to the much higher resin content of the carbon/phenolic, which has not undergone any densification cycles. 
B. Recession and Char Thickness
Material recession shows how far into the virgin sample the pyrolysis reaction progressed, while char thickness is a simple measurement of the char remaining after testing. While the two are somewhat related, there is actually no definite correlation between char thickness and recession across various materials. For example, when comparing the MMT clay and MWNT nanocomposites (see Table 4 ), it appears that greater char thickness correlates with a smaller material recession. However, when comparing MMT clay and CNF nanocomposites, the opposite correlation appears true. This is due to the wide variety in the formation, structure, and properties of the chars formed from various ablatives. Table 4 shows the recession and char thickness results for tested ablatives. All of the polymer composites, both conventional and nano, had fairly similar recession values. MMT clay performed slightly better than the others and MWNT performed slightly worse. Kevlar-filled EPDM had the smallest char thickness, followed by MWNT, MMT clay, and finally CNF. The carbon composites are somewhat different from the polymer composites when considering the way they recede and form char. Polymer composites are based on a polymer matrix with a char forming additive. In these materials the matrix pyrolyzes and the additive materials form into a char material. Carbon composites are composed of a carbon fiber matrix impregnated with a resin. In these materials the resin pyrolyzes leaving behind a char material composed largely of the original carbon fiber matrix and the carbonized remains of the impregnated resin. These materials also eventually degrade and ablate, though at a higher temperature. 27 This meant that there are varying degrees of pyrolysis in which the material can exist, which made it much more difficult to pinpoint where the virgin material began and necessitated the use of SEM for precise observation of this point. For the purpose of this paper, the recession rate was considered the depth to which any noticeable degree of pyrolysis had occurred, and any material that had undergone any degree of degradation, regardless of the severity, was considered char. The carbon/carbon sample tested under low heat flux and exposure time showed a fairly high degree of material recession. When the extremely small mass loss of this material is considered, this means that very little material is lost through pyrolysis of the carbon/carbon due to the densification process that limits the amount of resin in the material. The carbon/carbon and carbon/phenolic tested under higher heat flux and exposure time showed significantly higher recession values. This, of course, in part due to the more intense conditions of their testing, but also a result of their higher density, which gave them greater thermal conductivity, allowing high temperatures and the pyrolysis process to progress far into the samples. 
C. Peak Temperatures
The peak temperature measurements for the tested materials are based upon temperature versus time profiles obtained by three embedded thermocouples during testing. Observation of the peak temperature values, as well as how long it takes various points within the material to peak, can provide insight into how heat travels through the ablative material. The overall purpose of these materials is to provide protection from high temperatures, so these temperature measurements are a direct measurement of whether they perform their required function. There are a variety of factors that can affect the flow of heat through these ablatives. The thermal conductivity of both the material and char affect how heat flows into and through the material. The thickness of both virgin and char material affect the overall resistance and vary over time as the material or char erode or swell and as the pyrolysis layer moves through the material. In addition, if the char at the material surface physically erodes, the mass that is lost carries away heat with it that would otherwise have been conducted into the rest of the sample. In addition, pyrolysis gases can carry heat away from the material or even provide a protective gaseous layer above the material surface. As such, the internal temperature and heat flow within these materials is difficult to predict, so direct measurement is often the most straightforward solution. Figure 16 , below shows a representative temperature versus time curve for a polymer composite ablative. The specific material represented is MMT clay-10% polymer nanocomposite. The temperature closest to the surface, 5 mm, predictable heats up most rapidly and reaches the highest peak temperature. It also decreases rapidly once the heat flux is removed, hitting its peak value shortly after this happens. The temperature at 10 mm increases much more slowly, but once the heat flux is removed it continues to increase but the curvature of the plot reverses as it slowly rises to its peak value. For this measurement point, heat from the front section of the sample continues to flow towards it, increasing the temperature for some time until it hits its peak well after the end of the heat flux exposure. The farthest measurement point, 15 mm, shows a similar pattern to the 10 mm point, though with lower overall temperature and a longer time to peak. Figure 17 shows the temperature versus time plot for a carbon/carbon material under both high and low heat flux exposures. The carbon/carbon material is much denser and has a much higher thermal conductivity that the polymer composites, so the peak temperature values are significantly higher. However, these materials are designed for higher temperature applications so this was expected. The same relative trend is still seen in the peak temperature and time to peak temperatures of the different points within the sample for both tested conditions. The 5 mm peak temperature is higher and earlier than the 10 mm peak temperature, which is higher and earlier than the 15 mm peak temperature. Due to the high temperatures and thermal conductivity, the time difference between the peaks is much smaller than with the polymer composites as the heat flows much more quickly through the material. The effect of the different heat flux values can also be seen in this plot as the higher heat flux test has steeper temperature lines due to the greater amount of thermal energy entering the sample and reaches greater peak temperatures at each point. Table 5 shows the maximum temperature values at each point for each tested sample, as well as the time it took to reach the peak value from the initiation of the heat flux exposure. All of the polymer composites have temperature values of similar magnitude. Kevlar-filled EPDM and MMT clay nanocomposite have nearly the same peak temperature at 5 mm, while CNF has somewhat higher values and MWNT even higher that CNF. For temperatures further from the surface, at 10 mm and 15 mm, Kevlar-filled EPDM has the lowest values, while MMT clay and MWNT have similar, somewhat higher values. The CNF nanocomposite has markedly higher temperature values at both 10 mm and 15 mm than any other polymer composite. Kevlar-filled EPDM has the longest time to peak temperature of the polymer composites, which MMT clay nanocomposite only slightly shorter. MWNT nanocomposite has a somewhat shorter time to peak at all measurement points. CNF, though, has significantly shorter time to peak values than any other polymer composite, suggesting that it has a high thermal conductivity that allows heat to quickly travel through the sample. The carbon/carbon sample tested under the low heat flux and exposure time had peak temperatures that were many times the value of any polymer composite tested. In addition, the time to peak values were all very short, just a few seconds after the end of the exposure time. This is, once again, due to the high density and thermal conductivity of the carbon composites. The carbon/carbon and carbon/phenolic sample tested under high heat flux and high exposure time also had extremely high temperature values and extremely short time to peak values, when the exposure is considered. The carbon/phenolic material has a lower peak temperature than the carbon/carbon though due to the greater resin content that allowed for greater heat absorption through the pyrolysis of the resin. 
D. Data Comparison
As a method to confirm the quality of data gathered from our ablation testing apparatus, in depth temperature data was pulled from ablative experiments run on the test setup by M. Natali on the same polymer nanocomposite ablatives as tested in this paper. His ablative testing was also done at approximately 10 MW/m 2 for an exposure of 25 seconds, but his heat flux was calibrated differently than for our apparatus, so there could be a certain degree of difference between the two. The results of Natali's experiments can be seen in Fig. 18 , below. The labels of "TC1", "TC2", and "TC3" correspond to the measurement location in this paper of 5 mm, 10 mm, and 15 mm from the front surface of the tested sample. External sample dimensions are also the same for both datasets. 13 From Fig. 18 , it can be seen that the values for both datasets seem to match fairly well. However, in order to more directly compare the two sets of data they are tabulated side by side in Table 6 , below. Specific values for the temperatures are not available for the data from M. Natali's apparatus, so the values listed in the table are approximations based on Fig. 18 . Comparison of the two sets of data shows that all of the temperatures match each other very closely at all point of measurement except for the MWNT-10% material. For this material, the 5 mm temperature value is significantly higher for our measurement than for Natali's. However, the temperatures at 10 mm and 15 mm are much closer to one another, so the single point of disparity could be the result of a bad reading by either apparatus. Further tests will have to be done to determine the true value for this temperature, but the strong matching of all other data points suggests that results of our ablation testing apparatus are valid. This is especially true when variation in the experimental layout and potential variation in heat flux values are considered between the two testing setups. 
VI. Conclusions
A. Concluding Remarks
The ablation testing apparatus developed for this paper has shown it is capable of properly simulating the extreme ablative environment needed for the testing of ablative materials by producing temperatures in excess of 2200°C and heat flux values in excess of 14 MW/m 2 . Fluid velocity is one specification that this apparatus failed to meet out of the original specifications, but this value is not entirely necessary to still perform ablation testing and obtain useful results. The ablation testing apparatus has also demonstrated its ability to test a variety of ablative materials including conventional polymer composites, polymer nanocomposites with a variety of nanomaterials, and carbon composites. The results of the testing showed measureable differences between the materials in multiple aspects of their ablative performance and all results were reasonable. In addition, the ablation test results for this apparatus were compared to a separately constructed small scale ablation testing device and shown to match on almost all accounts, verifying the validity of the results obtained through testing with the ablation testing apparatus developed for this paper.
B. Future Recommendations
As the ablation testing device has continued to be used for the testing of ablative materials, it continues to be fine-tuned to both improve the repeatability and reliability of measurements and testing.
One source of potential error is in the adjustment of the gas flow to produce a flame with the same power for each testing cycle. This has been largely accounted for with the regulator control and the marked point on the acetylene valve, but this is still a manually adjusted process with no quantitative measure for verification before each test. A future recommendation to address this issue is the installation of a flow meter to display the acetylene flow rate of the torch prior to each testing. By having a numerical value to adjust to the potential for human error is mitigated and there is a recordable value that proves each test is performed with a properly tuned oxyacetylene flame. Another issue is that despite the initial distance that is placed between the sample and the flame before the torch is slid into testing position, there is still a certain degree of undesirable heat that enters into the sample due to large flame that is produced. Currently, a plate of aluminum is placed in front of the sample prior to testing and manually removed when testing starts. In order to streamline this process and ensure a proper heat shield is always available, a slide mechanism should be installed that allows for the sample to be shielded prior to testing, but lets the shield be quickly and easily moved at the start of testing.
